Reliability, resilience and sustainability are key goals of any urban drainage system. However, only a few 8 studies have recently focused on measuring, operationalizing and comparing such concepts in a world of 9 deep uncertainty. In this study, these key concepts are defined and quantified for a number of gray, green 10 and hybrid strategies, aimed at improving the capacity issues of an existing integrated urban wastewater 11 system. These interventions are investigated by means of a regret-based approach, which evaluates the 12 robustness (that is the ability to perform well under deep uncertainty conditions) of each strategy in terms 13 of the three qualities through integration of multiple objectives (i.e. sewer flooding, river water quality, 14 combined sewer overflows, river flooding, greenhouse gas emissions, cost and acceptability) across four 15 different future scenarios. The results indicate that strategies found to be robust in terms of sustainability 16 were typically also robust for resilience and reliability across future scenarios. However, strategies found
to be robust in terms of their resilience and, in particular, for reliability did not guarantee robustness for 18 sustainability. Conventional gray infrastructure strategies were found to lack robustness in terms of 19 sustainability due to their unbalanced economic, environmental and social performance. Such limitations 20 were overcome, however, by implementing hybrid solutions that combine green retrofits and gray 21 rehabilitation solutions.
INTRODUCTION 23
Emerging threats affecting urban areas now and in the future may significantly contribute to the 24 deterioration of the level of service delivered by critical infrastructure, such as urban drainage systems (or 25 urban wastewater systems). Indeed, climate change, population growth, urbanization, and other changing 26 factors could be particularly damaging when simultaneously acting upon any of these systems, posing an 27 important challenge to their future performance. 1, 2 In addition to this, the deep uncertainty nature of future 28 conditions may question the robustness of conventional and alternative solutions to adapt to future 29 changes, given their unknown magnitude and extent of impacts over the long-term. 3 
30
Under these circumstances, urban wastewater infrastructure may need to undergo adaptive 31 improvements in order to become less vulnerable to future conditions, whether these are typical or 32 extraordinary. 4 Indeed, it is expected that the urban wastewater system is reliable, able to minimize failure 33 frequency and deliver a satisfactory level of service most of the time, while behaving resiliently in order 34 to reduce the duration and magnitude of a failure when this eventually happens. 
96
Using an IUWWS that simulates the different parts of the wastewater system allows evaluating the 97 performance of any intervention holistically, reducing the risk of partially assessing any strategies (e.g. by 98
emphasizing good performance on one sub-system while masking poor performance on another). Further,
99
such an approach permits enriching the operationalization of concepts such as reliability, resilience and 100 sustainability, for each concept can be described by multiple metrics affecting different sub-systems. (2) The effect of siltation, which represented system capacity loss in sewer pipes due to deposited sediment, was modeled as the corresponding reduction in pipe diameter under each scenario (corresponding to full-pipe area reduction); 1: no reduction, 0: full reduction.
(3) The acceptability of interventions under each scenario is assessed in terms of the preference for either centralized or decentralized options. The Innovation scenario shows a mixed preference for centralized interventions, where decentralization is also promoted.
125
Regulations under the Lifestyles and the Innovation scenarios are high (see Table 2 Table 3 ). 
188

239
The performance impacts and socio-economic consequences derived from performance failures (e.g. 
277
The reliability indicators presented in 
Where ݀݅ represents the duration of each failure occurring within the total assessed period ܶ (i.e. one 
Resilience Indicators
293
To face future challenges, it must be ensured that drainage solutions operate safely (i.e. fail-safe, 294 reliably) as far as practicably possible, but that they also respond safely to failure (i.e. safe-to-fail, 295 resiliently) 40 . These systems can behave more flexibly and recover quickly in order to reduce damage 296 (and the disruption to the level of service) when failure occurs 41 . To capture the attributes described 297 above, resilience is here defined as the degree to which the system minimizes level of service failure 298 magnitude and duration when subject to exceptional conditions, represented here by a threat or 299 combination of threats 5 .
300
The same four objectives used for reliability are employed to measure resilience as listed in Table 5 ; 301 however, they are calculated differently, with a combination of both the magnitude and the duration of where ݉݅ and ݀݅ represent the magnitude and duration of the failures occurring within the total assessed 307 period ܶ (i.e. one year), respectively.
308
The severity of each failure event (and its units) was therefore described by the ܴ݈݁ ሺ‫,ݏ‬ ݂ሻ represents the normalised performance regret of strategy ‫ݏ‬ under scenario ݂ for the ݅th 383 reliability objective (one for each of the five reliability indicators in Table 5 ). An analogous description 384 of ‫ݏܴ݁‬ ሺ‫,ݏ‬ ݂ሻ and ‫ݏݑܵ‬ ሺ‫,ݏ‬ ݂ሻ applies to the ݆ th resilience indicator and the ݇th sustainability indicator in 
398
Weights for each future scenario ( The arithmetic mean applied to either set of four scenario indexes (reliability, resilience or 424 sustainability indexes) was considered an adequate representation of overall regret, providing an integral 425 picture of robustness across performance objectives and scenarios for each strategy. Consequently, the 426 strategies with the smallest reliability, resilience and sustainability robustness index (i.e. the smallest 427 mean value) were regarded as the most robust alternatives in reliability, resilience and sustainability 428 terms.
RESULTS AND DISCUSSION 431
As mentioned in Section 2, 12 strategies, including 7 stand-alone and 5 hybrid options, are assessed 432 under the proposed future scenarios (i.e. Markets, Innovation, Austerity, and Lifestyles). Note that these 
450
The least robust alternatives were "do-nothing" (i.e., no improvements in the system) and on-site 451 wastewater treatment for new developments (OT); the latter with a reliability robustness index similar to 452 the mitigation of urban creep using permeable pavement (SCC). The high reliability regret of these 453 strategies illustrate the limited failure duration improvements obtained relative to "do-nothing" across 
556
On-site treatment of part of the wastewater from new developments (OT) showed a significant 557 improvement in sustainability robustness relative to the reliability and resilience regrets presented above.
558
In spite of not directly addressing stormwater management issues, the OT strategy compensated these 559 high regrets with a modest cost trade-off and large improvements in GHG emissions. This was also a 560 factor which contributed to the improved performance of some hybrid strategies, such as H1. 
600
Europe and many other countries alike. Therefore, the findings of this study can be broadly applicable to 601 those countries and provide decision makers and utility managers with enhanced insight into the 602 development of more reliable, resilient and sustainable urban wastewater systems using gray, green and 603 hybrid options.
The results presented in this paper demonstrate that strategies that are robust for sustainability in the 605 case study are likely to be robust for both resilience and reliability across future scenarios (e.g. SCR and 606 H4), whereas robustness for resilience and, in particular, for reliability cannot ensure robustness for 607 sustainability. In this sense, the behavior of some strategies (e.g. H1 and OT) appeared to contradict this 608 view, since their low robustness in reliability and resilience terms later translated into higher 609 sustainability robustness; however, these were relatively far from low-regret robustness indexes at the top 610 of the hierarchy. Additional objectives, not accounted for in reliability and resilience assessments (river 611 flooding, cost, GHG emissions and acceptability), made up a significant part of the enhanced performance 612 of these strategies, while benefitting from the low performance of other options in these objectives.
613
Therefore, reliability, resilience, and sustainability indicators cannot be used interchangeably and should 614 be looked at and analyzed depending upon the purpose of the decision making exercise. Indeed, 615 reliability, resilience and sustainability approaches need to be used proportionately to the complexity and 616 scale of the problem to be solved. As mentioned earlier in the text, decision-makers may be interested in 617 satisfying a limited number of objectives in a low uncertainty problem, where reliability is sought and a 618 sustainability-led analysis may excessively complicate (or even hinder) their decision. Instead, they may 619 prefer to approach a highly complex and uncertain problem from a sustainability point of view in order to 620 better balance the potentially critical trade-offs present in a much more challenging decision exercise.
621
Robustness for sustainability is regarded as a more demanding attribute as it focuses on economic, 622 environmental and socio consequences, therefore, a larger number of criteria are involved in its definition 623 and more trade-offs can affect the sustainability index.
624
It is important to note that such relationships are not categorical since they are dependent on the 625 selected performance indicators and how their regrets are traded between objectives within each 626 robustness assessment. For example, there are less known adverse impacts of gray and green options on 627 human health (e.g. pathogen-related risks) from an integrated systems' perspective 58, 59 , and the objective 628 tradeoffs might be different when these impacts are considered. This and other emerging issues should be 629 further investigated once such data and knowledge become available. In this sense, the multi-criteria and 
